We have investigated the microfabrication of diamond films on silicon substrates using the localized electron beam (EB) chemical vapour deposition (CVD) method with a hydrogen (H 2 ) and methane (CH 4 ) mixed gas source. Micro-Raman spectra at 1, 3 and 5% CH 4 concentrations for the accelerating voltage of 10 kV have indicated the presence of a diamond (sp , a graphite (sp 2 bonding) peak at 1580 cm −1 and a diamond peak, and an amorphous carbon peak at 1360 cm −1 and graphite peak, respectively; those at 7 and 10% concentrations have indicated broad amorphous carbon peaks around 1500 and 1300 cm −1
Introduction
Diamond has been mainly used as a material for ultraprecision mechanical parts such as indenters and cutting tools [1] , but it is becoming more and more important for future electronic and opto-electronic devices [2] . The hardest known material and the best thermal conductor at room temperature, diamond resists heat, acid and radiation, it is a good electrical insulator but can be doped to form p-and n-type semiconductors, and it has the highest known figure of merit for power semiconductor applications. The synthetic technique of diamond film is important for the fabrication of diamond electronic devices. A conventional chemical vapour deposition (CVD) technology of diamond films, such as the hot filament and microwave plasma methods [3, 4] , is synthesized to a wide face on a substrate generally. In order to fabricate diamond microelectrical devices and microgears for use as micromachines, it is necessary to generate patterned thin films. Therefore, the localized CVD method for computer controlled direct deposition of the diamond film on only a very small area of a substrate (selective deposition) has been investigated by applying an electron beam (EB) induced chemical reaction at the gas-substrate interface. Nanometre structures can be fabricated by an EB induced surface reaction because beam diameters as small as 0.5 nm can be formed with conventional electron optical equipment. Thus, localized EB CVD has some excellent advantages over other CVD methods such as focused ion beam CVD [5] and laser CVD [6] in which the resolution is limited by the laser wavelength to 1 µm [7] . By using the localized EB CVD method, processing methods in microelectronic devices can be simplified and new structure devices with nanometre dimensions can be realized. In this paper, we describe the microfabrication of diamond films on a silicon (Si) substrate by the localized EB CVD method using a hydrogen (H 2 ) and methane (CH 4 ) mixed gas source. Figure 1 shows a schematic diagram of the localized EB CVD system, which was manufactured in-house by modifying a conventional scanning electron microscope (SEM; TOPCON, DS-130S). A subchamber, where a sample is placed as shown in figure 2 , was added to the SEM. The top cover for the subchamber has a pinhole with a diameter of 1.5 mm through which the EB was irradiated on the samples. H 2 and CH 4 gases were supplied to the subchamber through a valve, which controls the flow rate. The EB (accelerating) voltage, current and diameter were 10 kV, 30 nA and 2.6 µm, respectively. Single-crystal silicon wafers with (100) oriented faces (10 × 10 × 0.5 mm 3 ) used as substrates (samples) were not heated, and the EB was irradiated at room temperature. The temperature of the irradiation area was approximately 800
Experimental apparatus and procedure
• C and this was measured using a tempilstik, which melts when a specified temperature rating is reached. An EB was scanned on the substrates according to patterns entered in the computer, as shown in figure 1. Deposition patterns were entered into the computer as a combination of only three elements: horizontal lines, vertical lines and rectangles. The lines and rectangles were drawn as aggregates of points partly overlapping each other. The irradiation time of each point was accurately adjusted to be 1 ms using an interrupt signal from a timer to a central processing unit (CPU) in the computer. The size of the deposition patterns was controlled by changing magnification of the SEM. The pressure in the SEM chamber and the subchamber were approximately 10 −4 and 10 −3 Torr, respectively, during EB exposure. The deposited patterns were observed in situ by SEM imaging during EB irradiation of the substrate. The crystal structure of the deposited micropatterns fabricated by this process was evaluated using micro-Raman spectroscopy (JASCO Corp., NR-1800). The deposited thicknesses were measured by an atomic force microscope (AFM; Seiko Instruments Inc., SPI3700).
Experimental results and discussion
In order to obtain the optimum deposition conditions, we have investigated the micro-Raman spectra of films deposited on Si substrates as a function of the CH 4 concentration, as shown in figure 3 . The Raman spectra at 1, 3 and 5% CH 4 concentrations for the accelerating voltage of 10 kV indicated the presence of a diamond (sp 3 bonding) peak at 1333 cm −1 , a graphite (sp 2 bonding) peak at 1580 cm −1 and diamond peak, and an amorphous carbon peak at 1360 cm −1 and graphite peak, respectively; those at 7 and 10% concentrations indicated broad amorphous carbon peaks around 1500 and 1300 cm −1 [8] . We have found that the films consist of a mixture of sp 3 and sp 2 bonded structures. The film quality (sp 3 ) content decreases with increasing CH 4 concentration. Consequently, the localized EB CVD diamond films were fabricated under the following deposition conditions: an accelerating voltage of 10 kV and a CH 4 concentration of 1%. The EB was scanned in areas of 2 × 10 µm 2 rectangle and 1 × 1 µm 2 square on Si substrates. Figure 4 shows three-dimensional AFM images of the resulting (i) micro-rectangular and (ii) square diamond patterns deposited on the Si substrate for different EB irradiation times up to a limit of 10 h. Figure 5 shows the dependences of the deposited thickness and the full width at half maximum (FWHM) of the two-dimensional crosssectional profiles (X-Z axis) of (i) micro-rectangular and (ii) square diamond patterns on the EB irradiation time. The cross-sectional profiles of the resulting micro-rectangular diamond patterns as shown in (i),(a) were very similar to those of the resulting micro-square diamond patterns as shown in (ii),(a). The deposited thickness for both rectangular and square diamond patterns increased linearly with increasing EB irradiation time. The deposition rate was approximately 0.1 µm h −1 in both cases. The FWHM of the crosssectional profiles, having triangular form for both rectangular and square diamond patterns, first increased with increasing EB irradiation time and reached a maximum width at EB irradiation times of 4 and 6 h, respectively, and then decreased gradually with a further increase of EB irradiation time.
Conclusions
We have investigated the localized EB CVD method for computer controlled direct deposition of the diamond film on only a very small area of a Si substrate. From the experimental results, the following conclusions can be drawn:
(1) The films consist of a mixture of sp 3 and sp 2 bonded structures. The film quality (sp 3 ) content decreases with increasing CH 4 concentration. ( 2) The deposited thickness of the resulting micro-rectangular and square diamond patterns, fabricated under the deposition conditions of an accelerating voltage of 10 kV and a CH 4 concentration of 1%, increased linearly with increasing EB irradiation time up to a limit of 10 h. The deposition rate was approximately 0.1 µm h −1 in both cases. (3) The deposited thickness and FWHM of the resulting micro-rectangular diamond patterns are in good agreement with those of the resulting square diamond patterns. We expect that this localized EB CVD technique for diamond can enable applications such as microgears and motors made of diamond to be used as micromachines.
